Most cases of alternative reproductive tactics (ARTs) are thought to represent conditional strategies, whereby high-status males express highly competitive phenotypes, whereas males below a certain status threshold resort to sneaky tactics. The underlying evolutionarily stable strategy (ESS) model assumes that males of high competitive ability achieve higher fitness when expressing the territorial phenotype, whereas the less competitive males are more fit as sneakers, caused by fitness functions for the ARTs having different slopes and intersecting at a threshold value of competitive ability. The model, however, is notoriously difficult to test as it requires access to low-status territorials and high-status sneakers, that rarely occur in nature. Here, we test the conditional ESS in the androdimorphic acarid mite Sancassania berlesei, where large males tend to develop into an armoured, aggressive 'fighter' morph, while small males become unarmoured, non-aggressive 'scramblers'. In addition to body size, male morph is affected by pheromones produced by big populations, with fighters being suppressed in dense colonies. By manipulating pheromone concentration, we obtained high-status scramblers and low-status fighters. We also estimated status-and size-dependent fitness functions for male morphs across a range of population sizes. Fighters had the highest fitness in small populations and their fitness declined with increasing density, whereas the reverse was true for scramblers, providing support for condition-dependent ESS with respect to demography. However, whereas male fitness increased with body size, the fitness functions did not differ significantly between morphs. Thus, although we found evidence for the intersection of morph fitness functions with respect to demography, we did not find such an intersection in relation to male body size. Our results highlight how demography can exert selection pressures shaping the evolution of the conditional strategy in species with ARTs.
Introduction
Alternative reproductive tactics (ARTs) occur when individuals of one sex (usually males) use distinct ways to gain access to sexual partners (reviewed in [1 -3] ). In a typical case, one type of male engages in open intrasexual contests (e.g. territorial behaviours), whereas the other type uses various ways of obtaining access to females without confronting rivals. Behavioural alternatives may often be associated with differences in morphology where, for example, territorial males are equipped with weapons that are useful in fights [4 -6] . Thus, the question is why should selection maintain alternative mating tactics within populations rather than establish a single optimal tactic? Whereas some cases can be explained by balancing selection acting on a genetic polymorphism [7, 8] , in the majority of cases, the fitness of an individual expressing a given tactic is likely to be contingent on its phenotypic state in a conditional strategy [1] . Maynard Smith [9] considered the case where there was an asymmetry in the ability to win contests, such as might result from differences in body mass. The assessor strategy, behaving aggressively when the opponent is weaker but avoiding fights when faced with a stronger competitor, was shown to be evolutionarily stable when competing with unconditional strategies [9] . Assessor represents a conditional strategy, expressing two alternative tactics depending on the individuals' resource holding potential (RHP) or, more generally, their status [1] . In many androdimorphic species, status at the pre-adult stage determines the choice of reproductive tactic for life. For example, in some horn-dimorphic beetles, individuals with nutritionally determined low body mass develop tiny horns and adopt sneaky behaviours to obtain matings [4, 10, 11] . Because asymmetries in RHP or status are expected to be a rule in most systems, it is not surprising that most cases of alternative mating tactics described so far conform to the asymmetric game scenario [1, 3] . The optimal choice between alternative mating tactics may be determined not only by individual status, but also by the environment in which the tactics are to be performed [1,12 -14] . Indeed, ARTs represent an adaptive response to environmental cues (most readily seen as status), in the same way that the environment determines the expression of numerous other polyphenisms [14 -16] .
Whereas multiple studies demonstrate that tactic expression depends on state/status, such as body size (e.g. [10,11,17 -19] ), the evidence that these developmental switches are adaptive is largely missing. The adaptive significance of the response to the status cue lies in the fact that fitness returns of different tactics change with the strength or value of the cue [1, 14, 16] . Importantly, the fitness functions change at different rates in response to the cue, such that at some value of the cue (where the fitness functions are hypothesized to intersect), it is adaptive for the organism to switch from one tactic to another [1, 14, 16, 20] . Testing this crucial prediction of conditional ESS theory is difficult because in most systems, it is not possible to obtain low-status males expressing the 'wrong' high-status aggressive tactic and/or high-status individuals adopting the low-status sneaker tactic [20] . Thus, an experimental manipulation is necessary to demonstrate that fitness functions intersect without extrapolation.
An acarid mite, Sancassania (syn. Caloglyphus) berlesei (Michael, 1903) [21] , provides a unique opportunity to test this theory. It is well established that some species of acarid mites display androdimorphism [22 -24] where one morph (fighter) possesses a weapon in the form of a thickened and sharply terminated third pair of legs, which are used to kill other males [12, 25, 26] . The unarmed/nonaggressive morph is called the scrambler. In this species, morph determination is based on two cues: (i) chemical cues of colony density and (ii) male size [17] . Whenever two morphs occur in the population, fighters emerge from larger juveniles than scramblers [17] . Under the environmental threshold model of the conditional strategy [14] , both genetic and environmental effects on body size culminate in body size being an 'environmental cue' to the status-dependent expression of morphs. This pattern therefore suggests that expression of the fighter phenotype is a conditional strategy where large body mass is needed to become a successful fighter, while scramblers likely have higher fitness payoffs than fighters when body size is small. Furthermore, the frequency of fighters is negatively correlated with colony size [17, 27, 28] , suggesting that in very small colonies, fighters have higher fitness. Indeed, it has been shown that fighter morphs often monopolize reproduction by killing all rivals in small colonies, whereas in large colonies, monopolization is not feasible but instead fighters suffer higher mortality and a lower frequency of copulations than scramblers [12] . The sensitivity to the colony size cue and the body size cue predicts that in this species, there are two fitness trade-offs (with size and density) that affect the fitness of fighters under the conditional strategy. The cue sensitivity also makes it possible to manipulate male morph expression such that we can obtain large scramblers and small fighters and put these males into population sizes that should expose not only their status-dependent fitness but also their density-dependent fitness.
Thus, S. berlesei seems to be a suitable candidate organism to provide a unique opportunity to comprehensively test the crucial prediction of the conditional strategy model that individuals adopt the tactic from which they will derive the highest fitness benefit. We performed such a test by placing males of both reproductive tactics, fighters and scramblers, with optimal and non-optimal statuses in optimal and non-optimal population sizes, as predicted by the model, and estimated their reproductive success using the sterile male technique.
Material and methods (a) Model species and husbandry
The main stock was founded with several hundred wild mites collected from chicken farm litter near Stirling in central Scotland in 1998 and have been maintained at N e % 50 000 adult individuals since collection. Rearing conditions were standard for this species (i.e. 228C, 90% RH buffered by a KOH solution of 153 g l 21 H 2 O, 24 h darkness and with a 3 : 1 mixture of powdered yeast and wheat germ provided twice a week ad libitum). The mites were reared on Petri-dishes (Ø 100 mm) with bases made with plaster of Paris and lids with holes (Ø approx. 40 mm) blocked with filter paper moistened once a day with tap water. The paper was changed once every two weeks and the dishes were placed in desiccators aired at least once a day. Once every two weeks, about 50% of the colonies volume was removed to ensure continuous reproduction. The life cycle of the bulb mite follows through a series of mobile nymphal stages interceded by quiescent (immobile) stages. The progression of the development is as follows: egg, larva, quiescent larva, protonymph, quiescent protonymph, tritonymph, quiescent tritonymph and, finally, adult. In the conditions described above, eggs hatch after 4 days, each mobile nymphal stage lasts for 2 days and each quiescent stage takes approximately 12 h. Morph determination takes place at the tritonymphal ( pre-adult) stage [22] .
(b) Experimental design
Given that male morph expression depends on the population size, we first ran an assay to identify the population sizes in which the expression of the fighter : scrambler ratio is closest to 9 : 1, 1 : 1 and 1 : 9. As explained above, we expect that if the choice of morph in response to population size cues is adaptive, these ratios should reflect the three states at which, respectively, fighters have a strong advantage on average, fitness of both morphs is at equilibrium and fighters are on average disadvantaged. To identify the population sizes, quiescent larvae were rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180783 placed in 14 increasing population densities: 1, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44 and 48 animals per a 2.5 cm Ø jar with ad libitum food (approx. proportional to the number of individuals). The number of jars was adjusted to obtain approximately 100 individuals in each density treatment (1400 individuals total). Sexes and morphs were scored as soon as adults emerged (both alive and dead individuals were considered to prevent the error caused by killing). The assay showed that the fighter : scrambler ratio was closest to 9 : 1 in populations of two and four individuals, closest to 1 : 1 in populations of 16 and 20 individuals and closest to 1 : 9 in populations of 40, 44 and 48 individuals (figure 1). Therefore, we chose the following population sizes for the main experiment: 4 (the smallest possible population that allows more than one male with a 1 : 1 sex ratio), 20 and 40. We also confirmed that the expression of male morphs in our populations depends on individual body weight. We constructed 15 experimental populations of 20 larvae each. When individuals reached the quiescent tritonymph stage, they were all weighed, then isolated in vials and after eclosion morphs were scored. A comparison of mean weights of quiescent tritonymphs that eclosed into fighter and scrambler showed that fighters eclose from heavier quiescent tritonymphs ( paired t-test with mean fighter and scrambler tritonymph weight paired within populations:
The goal of the main experiment was to quantify the fitness functions for the two male morphs depending on their status and on the size of population in which they are living. For logistic reasons, the experiment was carried out in blocks of 28 days duration. The experimental procedure comprised five steps: (i) obtaining experimental males and (ii) background populations, (iii) radiation-induced sterilization of background males, (iv) construction of experimental populations and (v) scoring the offspring of experimental males. All steps are described in detail below, and depicted also in figure 2 ((i) -(v) in the text below correspond to those in figure 2).
(i) Obtaining experimental males
To obtain equal-age animals, main stock females were placed in 2.5 cm Ø jars for 24 h to lay eggs (figure 2a). Next, on the 6th day, quiescent larvae were isolated to individual 0.8 cm Ø vials. Then, vials were randomly divided into two groups. In the first group, the vials were kept in a separate clean desiccator and vials of the second group were placed in a desiccator that also contained large old colonies. Owing to the pheromonedependent expression of the morphs, the majority of males in the first regime (low pheromone treatment) typically eclosed into fighters, whereas those in the second regime (high pheromone treatment) become mostly scramblers. In other words, we obtained both fighters and scramblers with the entire range of male body size. When all individuals eclosed into adults, females were discarded and males were weighed on a Sartorius Supermicro balance to 0.0001 mg. Body weight is widely and successfully used as an estimate of male status [29] . According to the conditional strategy model, individuals, based on their status as well as on the number of competitors, express the tactic that should return the highest fitness. Given that male status is expected to have a normal distribution, if sampled randomly, most males would be average regarding the trait. Thus, to prevent an over-representation of average males and an underrepresentation of small and large males, we ordered all males within blocks from the smallest to the largest individual and divided the obtained range into five equal size classes. Then, the same numbers of fighters and scramblers were randomly sampled from each class. This way the fitness functions were equally well supported across the status range (figure 2a). Experimental (focal) males obtained this way were then placed into background population regimes of three different population sizes (small, medium and large).
(ii) Obtaining background populations
In order to obtain small, medium and large background populations in which males naturally adopted tactics according to their status and population size, we set up 2.5 cm Ø jars with either 4, 20 or 40 quiescent larvae and let them develop until the quiescent tritonymph stage when they were isolated into individual vials to ensure their virginity and also to allow the sterilization of males while keeping females fertile (figure 2b).
(iii) Sterilization of background males
Background males were sterilized with a 20 krad dose of the gamma radiation a day prior to placing them in the experimental jars (figure 2c). As shown by Radwan [30] , following this procedure, eggs fertilized by irradiated males only very rarely hatch but irradiation does not reduce male lifespan. However, we additionally tested this using our experimental population. The results confirmed that less than 1% of eggs fertilized by irradiated males hatch. Moreover, irradiation had the same effect on fighters and scramblers (N F (iv) Construction of experimental populations Three types of populations were created: small, medium and large (figures 2d and 3) . In all three population size regimes, the sex ratio was set to 1 : 1 (to reflect natural conditions). Morph ratios were designed to reflect those in populations of corresponding size (see above and figure 1). Specifically, in small populations, the morph ratio was skewed towards fighters (1 : 0) when the focal male was a fighter or it was equal to 1 : 1 when the focal male was a scrambler, the ratio was equal to 1 : 1 in medium populations, and it was scrambler-biased in large populations (1 : 9). All individuals were virgin, all Figure 1 . Relationship between the probability of fighter morph expression and population size in which males developed (means with standard errors; in each population size treatment, there were approx. 100 males, e.g. population size 1 was replicated 100 times whereas population size 48 was replicated twice). The larger the population, the greater the suppression of fighters. Based on this assay, we chose three populations sizes for the main experiment. These were 4, 20 and 40 in which either fighters or scramblers were predominant (4 and 40 individuals, respectively) or in which both morphs were expressed equally (20 individuals).
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180783 background males were sterilized and experimental males were non-sterilized. Background females and males used to create experimental populations were taken from corresponding original population sizes. Finally, experimental males were placed in the experimental populations: -Small populations comprised one fighter, one focal male (either a fighter or a scrambler) and two females (i.e. four individuals in total). Although in this population regime, the morph ratio varied between the focal male treatments (i.e. morph ratio was 1 : 0 when a fighter was focal and 1 : 1 when a scrambler was focal), such an approach was conservative as it should be harder for focal fighters to monopolize the females than if the morph ratio was always kept the same (i.e. if focal fighters were interacting with background scramblers). Our prediction was that this morph should have a higher fitness across almost the entire status range. -Medium populations consisted of five fighters, five scramblers and 10 females (i.e. 20 individuals in total). If the focal male was a fighter, then one original background fighter was removed to maintain the original population size and morph ratio. An analogous procedure was applied when a scrambler was the focal male. Our prediction was that smaller males should do better if they are scramblers, whereas larger individuals should have higher fitness when they are fighters. -Large populations comprised two fighters, 18 scramblers and 20 females (i.e. 40 individuals in total). If the focal male was a fighter, then one original background fighter was removed to maintain the original population size and morph ratio. An analogous procedure was applied when a scrambler was the focal male. Our prediction was that scramblers should have a higher fitness across almost the whole status range.
(v) Estimating the fitness of experimental males
Given the high female fecundity in this species, all adults were moved to new jars every day (figure 2e). This way offspring numbers were low and easy to count (i.e. the measurement equal age quiescent larvae derived from main stock females rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180783 error was minimized, especially in medium and large populations where female numbers were high). The total number of offspring produced within the first 6 days of interactions in the experimental populations was our fitness approximation of the experimental males. Our preliminary data showed that the male sterilization effect persists up to 8 days.
(c) Statistical analysis
The experiment was replicated in 26 blocks with small and large populations and 20 blocks with medium populations. In total, there were 269 focal males in small populations, 184 in medium populations and 272 in large populations (i.e. 725 focal males in total). In each block, the number of different population size replicates was roughly the same and the ratio of replicates with focal fighters and scramblers was close to 1 : 1. Given that male status is relative and selection acts on the males within the populations they are in, in each regime, status was standardized relative to the mean in each block by subtracting block mean from each measurement in the block. Generalized mixed effects models implemented in SPSS (v. 24.0.0.0) were used to analyse the data (for clarity, specific tests are described in detail with results). Errors for means are 84% confidence intervals to allow non-overlapping intervals to be interpreted as significantly different [31] .
Results and discussion
We expect natural selection to hone decisions to maximize fitness and the conditional strategy model is an important model for understanding selection on decisions that are made in response to environmental or physiological cues. We tested the predictions of the conditional ESS in relation to the fitness of the fighter and scrambler morphs of S. berlesei in response to colony size and male body size (status).
(a) The adaptive significance of the body size cue One of the cues that determines the expression of fighter males in S. berlesei is their size (e.g. [17] ). The conditional strategy predicts that there should therefore be a fitness trade-off with size. Moreover, changes in the slopes of these fitness functions mean that the body size at which the fitness functions intersect will shift to larger and larger body sizes as density increases (figure 4, top row). Our data (figure 4, bottom row) are suggestive of the pattern expected from theory, however, whereas male fitness in both morphs increased with size, we have not found a significant male morphÂmale status (relative body weight) interaction (table 1) . Hence, overall, our analyses did not support the adaptive significance of morph determination being contingent on body size.
(b) The adaptive significance of the population density cue
Our analysis showed that the morph by density interaction was highly significant (table 1) . This interaction indicates that the relative fitness of fighter males declines dramatically as density increases ( figure 5 ). This fitness trade-off with colony density supports a fundamental property of the conditional strategy in showing that the chemical cue that causes fighter males to be suppressed at high colony pheromone levels is associated with elevated fitness in small colonies and depressed fitness in large colonies. In a number of systems, there is evidence suggestive of colony density effects on the fitness of ARTs. For example, Tomkins & Brown [13] found that the density of island populations of earwigs correlated with the frequency of male morphs across island populations in the North Sea, suggesting an evolved divergence in the body size switchpoint at which the fighter morph is expressed. Similarly, in the dungbeetle Onthophagus taurus, populations in the USA and Australia have divergent morph frequencies and average switchpoints, putatively due to differences in population density [32] . In a S. berlesei study, Radwan [12] found that fighter males were killed more often in large colonies and had higher copulation success in small colonies, which is consistent with what we have found here. However, this is the first time to our knowledge that data on the reproductive success of males have been estimated across a range of densities and shown the fitness trade-off expected from theory. Whereas Radwan [12] started from the 1 : 1 morph ratio, in our study, morph ratio reflected that which would occur naturally at a given population density. Despite this, both studies demonstrated density-dependence of male morph fitness, suggesting that morph ratio does not have much impact on relative morph fitness. A similar conclusion was reached in an explicit test of frequency-dependence in another androdimorphic acarid, Rhizoglyphus robini [33] . We know that habitat complexity influences the fitness of fighter and scrambler males, with scrambler males being vulnerable in the short term to being killed by fighters in confined spaces [34] , but over the longer term being more mobile and able to negotiate a complex environment [35] . These effects could have come into play in our experiment, and by changing the complexity of the habitat, we would likely have found different results, perhaps a tightening of the size-dependent fitness of scramblers. However, altering habitat complexity would effectively change the relationship between the pheromone cue and density, because it could enable fighter males to dominate patches of habitat at higher levels of the pheromone cue than they have evolved to in the laboratory. Exploring whether slopes of morph fitness functions on male status cross in a more complex environment thus requires future study.
Conclusion
We showed how the environmental shifts from small to large colonies play out the expectations of the conditional strategy model, where low population densities favour fighters to the exclusion of scramblers and high population densities-the opposite. Despite the evident size-dependence of male morph expression, we found no evidence for the adaptive significance of a status-dependent developmental switch. While we might have limited power to detect the interaction between male size and morph in determining fitness, our results clearly show that the demographic environment is a dominating factor in shaping the relative fitnesses of male morphs. More generally, our data demonstrate clearly how complicated the fitness landscape of alternative tactics under the conditional strategy can be, especially where there are multiple cues to tactic expression and multiple causes of variation in tactic fitness [36] . There was a strong interaction between male morph and population size ( 
